In order to increase the performance of the preferred Ferritic 430 SS for manufacturing automobile and motor-cycle exhaust systems. The aluminizing coating on the surface of bare steel was applied by hot-dipping method in a molten pure aluminum. The high temperature oxidation of the aluminized steel was cyclically studied at 900 °C and 1000 °C in static air. The degradation of intermetallic layers during cyclic oxidation were analyzed by means of X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). The crack perpendicular to the specimen surface rapidly propagated through the FeAl and Fe3Al layers due to a thermal expansion mismatch upon cooling to room temperature. The accumulation of voids generated crack at the interface between the aluminide layer and the steel substrate. Oxygen is allowed to penetrate into the aluminide layer crack, rapidly forming alumina oxide and closing the crack. Some of the aluminide layers peeled off due to this rapid growth. Thus, the protective Al2O3 layer degraded and later, the substrate was oxidized subsequently to form iron-rich oxide (Fe2O3) at 1000 °C.
INTRODUCTION
Ferritic 430 stainless steel (SS430) is widely used as an exhaust material in petrochemical, gasification and automotive application because it has a cheaper price than austenitic stainless steel. However, the oxidation resistance of ferritic SS430 is not sufficient for sustainably used at 1000 °C for long time exposure [1] . The high temperature application of this stainless steel has some limitation due to the formation of unprotective Fe2O3 layer, which leads to breakaway oxidation and results in metal loss [2, 3] . For improving high-temperature oxidation resistance of the steel, several of coating processes; hot-dipping process is an effective and inexpensive method to modify on the surface of bare steel because its process is simpler and it provides a thick coating layer for reliable oxidation resistance [46] .
The inward diffusion of Al into steel substrate at temperatures above 900 °C forms the intermetallic compounds FeAl and Fe3Al [7] ; this consequently reduces the solubility of Cr to a lower level in the aluminide layer compared to in the metal substrate. Some studies report that the FeAl and Fe3Al alloys without Cr show a decrease in oxidation resistance at 1000 °C [8, 9] . Lee et al. reported that the addition of 2-4 % Cr first decreases the oxidation resistance of Fe3Al alloys, but then increases it with further addition of Cr (up to 6 %) [10] . Chromium was found to be the most effective element in improving the high temperature ductility of FeAl and Fe3Al [11] . In addition, the formation of a protective layer of Al2O3 is also promoted. Therefore, it is important to investigate the temperature dependence of the oxidation properties of aluminized coatings on steel with high concentrations of Cr. The formation of protective Al2O3 is expected to protect the steel substrate during high temperature service. The phase composition and performance of the Fe-Al alloy layer are strongly affected by both the make up of the raw material and temperature treatment. Few studies have reported the combined effect of Cr concentrations on the oxidation resistance of Fe-Al based alloys at high temperatures based on long term cyclic oxidation, which relates to the resistance of the coating at high temperatures.
In this study, ferritic SS430 was coated by hotdipping to deposit aluminum on the bare steel. The degradation of aluminide layer on the surface of steel substrate was investigated by cyclic oxidization test under a static atmosphere at 900 °C and 1000 °C. The oxidation kinetics behavior was also studied by the weight change of specimens every cycle.
RESEARCH METHOD
A commercial ferritic 430 SS sheet is used as the bare substrate. A rectangular specimen was fabricated with the dimensions of 20×10×1.5 mm 3 using a water-cooled cutting machine. Before aluminium deposition, all specimens were ultrasonically cleaned in a solution of 5% NaOH, 10% H3PO4, and then coated using a uniform welding flux. The commercial pure Al was melted in an alumina crucible and maintained at a temperature of 700 °C. The specimens were dipped for 3 minutes into the molten Al bath. The oxide flux deposited on the surface of the aluminized specimens was then cleaned using a nitric acid, phosphoric acid, and water solution (1:1:1 v/v) at room temperature.
Cyclic oxidation tests were conducted at 900 °C and 1000 °C in an automatic box furnace for 350 cycles and 250 cycles, respectively. Each cycle consisted of a one-hour period at 900 °C or 1000 °C, and one-hour at room temperature. Weight changes were measured every 6 cycles with an accuracy of ±0.1 mg. The mass changes excluded the amount of oxide that was released during cooling.
The structure and phases of the specimens were identified by X-ray diffraction (XRD) using monochromatic Cu-K radiation at 40 kV and 100 mA. The surface morphology and cross-sections of the specimens were examined using scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS). The thickness of the aluminide layer and composition of the elements were obtained by analyzing the EDS data; the distance from the surface was then plotted as a function of the atomic compositions (at.%).
RESULT AND DISCUSSION

Microstructure and Phases as Coated Specimen
The SEM cross sectional image of the as-coated specimen is shown in Figure 1 .
Figure 1. SEM of Cross-Sectional Micrograph of as Coated Specimen
Typically, the coating consists of two distinct layers with a total thickness of about 39.7 µm. The outer layer contains mostly aluminum and the inner layer consists of Fe-Al intermetallic compounds which form due to Fe/Al inter-diffusion during hot dipping, where the diffusivity of Al into the steel substrate is faster than the diffusivity of Fe into Al.
XRD analyses identify that the aluminide layer consists of two phases, namely FeAl3 and Fe2Al5. Based on the EDS analysis, FeAl3 and Fe2Al5 have an elemental composition around 21.17Fe -78.03Al and 25.87Fe -74.13Al (at. %), respectively.
The columnar grain of FeAl3 grew between the Fe2Al5 domain and the aluminum layer in which a concentration gradient of iron existed in the molten aluminum. High Cr concentration in the steel substrate results in the rough features of both phases. Furthermore, the finger-like morphology of the Fe2Al5 layer is irregular.
Degradation of the Aluminide Layer
In order to understand the degradation of the aluminide layer and growth of oxide during cyclic oxidation, the cross-sectional micrographs were examined using SEM and EDS for different oxidetion temperatures. Transformation of Fe2Al5 and FeAl2 phases increased the aluminide layer thickness as temperature and time exposure was increased and formed either FeAl or Fe3Al depending on temperature exposure. The different SEM of cross-sectional micrographs for the specimens oxidized at 900 °C and 1000 °C for 5 cycles are depicted in Figure 2 . The phase formation of Fe3Al was easily produced by controlling the phase transformation of FeAl at temperatures of greater than 900 °C [7] . In the aluminide layer containing either FeAl or Fe3Al and some dissolved Cr, the decrease of Cr concentration in areas had given contribution to formation of micro-cracks in which Al had diffused. Jung reported a similar finding in the aluminide layer formed on TiAl alloys the number of cracks decreased with increasing the Cr content [12] . Cracks perpendicular to the surface were generated by thermal anisotropy due to changes of phase transformation in the aluminide layer. Any thermal expansion mismatch problem was attributed by the higher Al content, a thicker coating and high cycle temperature exposure. Thus, the thermal expansion coefficient of FeAl and Fe3Al are 21.5 × 10  6 /°C and 19 × 10  6 /°C, respectively, which is much higher than that of steel substrate (11.4 × 10  6 / o C) [13] . EDS and XRD analyses show that the major phase is Fe3Al with Cr-contents of around 10.21 (at.%) for the specimen oxidized at 1000 °C after 250 cycles, see Figure 3b and 4b. As mentioned above, the crack perpendicular to the surface of the specimen in the aluminide layer growing through surface allows oxygen to reach the inner interface of the scale via crack network [14, 15] . Figure 3 and 5 show cross-sectional micrographs and the corresponding EDS line profiles of elements of oxide and aluminide layer formed after oxidation at 1000 °C and 900 °C. Both cross-sectional micrographs reveal the nonadherent, fragile oxide scales. In the present study, the spallation of oxide scale occurred not only during oxidation but also during sample handling at room temperature. Formation of voids and cavities due to the coalescence of vacancies induced by the uneven flux of anions and cations leads to the Al2O3 layer and aluminide layer detachment.
The inward transport of oxygen from the outer edge through cracks could repair gaps and consequently increase the partial pressure of oxygen within the gap zone. A gap formed through vacancy condensation due to the rapid growth rate of the aluminum oxide formed at the interface. As shown in figure 3a, it was found that two aluminide layers on the specimen oxidized at 1000 °C after 250 cycles oxidation. The first aluminide layer is possibly a remnant from a partially peeled off aluminide layer, which then attached on the surface of other aluminide layers.
XRD analysis confirms that Fe2O3 is only found at 1000 °C, whereas Cr2O3 is not found. This result is evident with SEM observation of surface morphology of the aluminized specimens after 30 cycles, as shown in figure 6 . The EDS analysis clearly reveals in figure 3b that the α-Al2O3 scale contains a small amount of dissolved Fe-atoms because the solubility of Fe-atoms in the Al2O3 is about 5% at 1000 °C [10] . Perez et al. reported that at the oxidation temperature of approximately 950 °C the formation of Cr2O3 was restricted by the formation of volatile CrO3 [16] . However, the EDS analysis only detects a little chromium; this means that the presence of Cr may promote aluminum diffusion, which then forms aluminum oxide in the gap. Whereas, Fe2O3 and Cr2O3 are not found in the specimens oxidized at 900 °C, see Figure 7 . figure 7 and EDS detects both Fe and Cr atoms, as shown in figure 5b. These results are consistent to be reported by Lee et al. that Fe and Cr atoms from the aluminide layer could give a contribution to support a formation of the α-Al2O3 layer [10] . Both Fe and Cr are well known to accelerate the transformation of -Al2O3 to α-Al2O3 [17] [18] [19] . The meta-stable transient of -Al2O3 has a whisker-like morphology, whereas α-Al2O3 is observed as a dense layer. In addition, -Al2O3 has a lower density than α-Al2O3 and the transformation is accompanied by a 13% volume reduction [20] which is a cause of cracks in the outer region. The higher growth rates of meta-stable oxides are related to their crystal structures and looser packing arrangements than α-Al2O3 (which has a hexagonal close-packed oxygen structure with aluminum occupying octahedral interstitial sites). The different morphologies developed by the alumina phases also contribute to their differing growth rates.
Effect of Temperature with Respect to Cyclic Oxidation Kinetics
A cyclic oxidation test was carried out to evaluate the resistance of the aluminide coating under cyclic thermal stress. The weight change versus cycles curve at 900 °C and 1000 °C is shown in figure 7 . Similar trends are observed over 30 cycles: 1.9 mg/cm 2 and 2.4 mg/cm 2 for the specimens oxidized at 900 °C and 1000 °C, respectively. The weight change of a specimen oxidized at 1000 °C shows an abnormal increase that is followed by a rapid decrease during 50160 cycles because some parts of the aluminide layers and alumina oxide break and peel off the steel substrate. However, after reaching 160 cycles, weight change undergoes a constant rate. Montealegre et al. suggested that the magnitude of the area the peeled off aluminide layer depends on the magnitude of thermal stress resulted from interaction between aluminum oxide and aluminide layer [21] . In addition, the existence of thermal stress in the aluminum oxide at high temperatures can cause creep of the scale in the underlying aluminide layer, depending on the relative thickness of the aluminide layer and oxide layer [22] . As time exposure is increased, some cracking and spallation of the alumina layer occurs due to the rapid growth of α-Al2O3 in the outer scale region at 1000 °C. The specimen oxidized at 900 °C still exhibits a sequence of weight changes over 350 cycles.
CONCLUSSION
The cyclic oxidation in static air of hot-dipped aluminized ferritic 430 SS was performed at 900 °C and 1000 °C. Aluminum in the topcoat completely diffused into the steel substrate to form intermetallic compounds which varied based on the treatment temperature. The Fe2Al5 and FeAl2 rapidly transformed into the FeAl and Fe3Al owing to aluminum diffusion for short time oxidation at the different temperature service. The crack perpendicular to the surface of specimens was incorporated by a thermal expansion mismatch, generating a tensile stress and then induced rapidly into micro-crack in the aluminide layer during cooling. The accumulation of voids generates a crack at the interface; consequently new alumina oxide formed within the crack, allowing some level of self repair. In the present study, it shows that the high solubility of chromium (up to 10.21%) is detrimental to the oxidation resistance of aluminized 430 stainless steel at 1000 °C, leading to an overall higher parabolic rate constant under cyclic oxidation thermal.
